ltrasound shear wave elastography (SWE) is an emerging imaging technique that can remotely "palpate" tissue and provide a direct and quantitative assessment of tissue stiffness. 1, 2 It has been shown to possess considerable clinical diagnostic value in many applications, such as liver fibrosis staging and breast cancer detection, and is gradually becoming part of clinical practice. [3] [4] [5] [6] Shear wave elastography uses acoustic radiation force to remotely generate transient shear waves inside the tissue, and then tissue stiffness is quantified in terms of the shear modulus (μ) based on μ = ρc s 2 , where ρ is the density of the tissue and is commonly assumed to be 1000 kg/m 3 , and c s is the shear wave speed (SWS), Pengfei Song, PhD, Xiaojun Bi, MD, PhD, Daniel C. Mellema, BA, Armando Manduca, PhD, Matthew W. Urban, PhD, James F. Greenleaf, PhD, Shigao Chen, PhD Received August 24, 2015, 
which can be measured with ultrasound by using the same transducer that generates the shear waves. [7] [8] [9] Therefore, by measuring the SWS, one can noninvasively and quantitatively measure tissue stiffness.
Cardiac application of SWE is a relatively new field of research and has been mainly focused on animal studies. Previous animal cardiac SWE studies have shown evidence of real-time assessment of myocardial contractility, 10 quantitative mapping of the transmural anisotropy during the cardiac cycle, 11 cardiac tensor imaging, 12 focal infarction detection, 13, 14 quantification of the coronary perfusion pressure effect on cardiac compliance, 15 and quantitative evaluation of atrial radiofrequency ablation. 16 These animal studies suggest high clinical importance of cardiac SWE in humans. Although these animal cardiac SWE results showed great potential for many clinical cardiovascular applications, translating SWE to noninvasive transthoracic human scans is still challenging because of poor shear wave generation and detection through the chest wall. 17 Also, transthoracic SWE is limited by the available echocardiographic views that provide a quasiorthogonal relationship between the ultrasonic push beam and the heart wall for optimal SWS measurements. 18 Recently, our group showed that by using pulse inversion harmonic imaging for shear wave detection, one can achieve substantial improvement of shear wave detection from the human heart transthoracically. 17 We also showed further improvement of cardiac shear wave detection by combining the pulse inversion harmonic imaging technique with the time-aligned sequential tracking technique. 19, 20 Time-aligned sequential tracking accounts for the time delay in detecting shear waves through line-by-line scanning typically used in traditional commercial ultrasound scanners. For ultrasound scanners with plane wave imaging capability, 21 time-aligned sequential tracking allows narrowing of the detection beam width for zone-by-zone detection so that the detection beam intensity can be increased, which improves the production of the harmonic signal and thus facilitates more robust shear wave detection with pulse inversion harmonic imaging. 20 Although transthoracic human heart results have been successfully reported, 17, 20 only the short-axis apical view of the posterior left ventricular (LV) wall was measured in these studies. To date, a systematic investigation of the feasible echocardiographic views for cardiac SWE has not been reported. Also, the impact of myocardial anisotropy on in vivo LV diastolic stiffness measurements has not been studied. Anisotropy can be important because previous studies have shown significantly different SWS measurements between short-and long-axis directions of shear wave propagation from open-chest sheep. 11 The aims of this study, therefore, were to systematically investigate the feasible echocardiographic views for cardiac SWE in transthoracic human scans and the impact of myocardial anisotropy on SWS measurements when imaging different LV segments from different views transthoracically in humans.
This article is structured as follows: We first describe the cardiac SWE imaging sequence used in this study, followed by the postprocessing methods with 2-dimensional (2D) SWS calculation. We then report the in vivo human study protocols and results. We close the article with a discussion and conclusions.
Materials and Methods
Cardiac SWE Sequence A Verasonics Vantage system (Verasonics, Inc, Kirkland, WA) and a cardiac phased array transducer (P4-2; Philips Healthcare, Andover, MA) were used for this study. The details of the acquisition sequence can be found in a previous article, 20 and a brief summary is given here. The cardiac SWE sequence supports real-time B-mode imaging for measurement guidance and automatic configurations of the optimal SWE push and detection beams based on the position of the selected myocardium for SWE measurements. The acoustic output of all of the ultrasonic pulses used in this study was below the regulatory limit set by the US Food and Drug Administration.
As shown in Figure 1A , the imaging sequence is electrocardiography (ECG) gated, and an adjustable delay with respect to the R-wave peak can be set to measure myocardial stiffness in diastole. The delay was carefully adjusted to image at late-diastole while avoiding the atrial systoleinduced myocardial stretch, which occurs after the P wave. In addition, a temporal high-pass motion filter with a cutoff frequency of 50 Hz was used to remove the low-frequency motion of the myocardial wall. A B-mode image was taken right before the shear wave sequence as a reference. Then the push beam was transmitted to produce a shear wave in the myocardium (Figure 1 , B and C). The system then switched to pulse inversion harmonic imaging and the time-aligned sequential tracking shear wave detection mode, which transmits plane waves at a very high frame rate to capture the fast-propagating shear waves. 19, 20 Figure 1D shows an example of a shear wave propagating in the myocardium away from the push beam region. The total data acquisition time was about 39 milliseconds (B-mode, 18 milliseconds; push and shear wave detection, 21 milliseconds), which is short enough to assume that the heart wall is stationary during data acquisition. 22 
Postprocessing for Myocardial SWS Measurements
A 2D SWS calculation method 23 was used to recover the myocardial SWS to account for the variable propagation direction of shear waves in the heart wall. A directional filter 24 was first applied to isolate the shear waves propagating in opposite directions away from the push beam (eg, left to right and right to left, as shown in Figure 1D ). The 2D SWS calculation was then performed for each shear wave with a cross-correlation window size of 3 mm and an Anderssen-Hegland patch size of 4 mm. 23 As a quality control for the reconstructed 2D SWS map, pixels with a cross-correlation coefficient of less than 0.5 and a shear wave amplitude of less than 0.2 μm were removed. Figure 2 shows examples of 2D SWS maps overlaid on the reference Figure 1 . A, Cardiac SWE sequence with respect to the ECG signal. The Verasonics system is ECG gated by the peak R wave. B, A reference B-mode image was taken right before the shear wave sequence, which included a push pulse transmission and a series of transmissions of detection pulses in very high frame rate. The entire SWE sequence took less than 21 milliseconds. C, Left, Schematic plot of the ultrasonic push beam for shear wave generation into the myocardium. The push beam was focused in the myocardium. The focal point of the push beam could be interactively selected on the basis of real-time B-mode imaging. Right, Schematic plot of the pulse inversion harmonic imaging (PIHI) and time-aligned sequential tracking (TAST) detection region. The green dashed region indicates the targeted myocardium for shear wave signal extraction. D, Snapshots of a shear wave propagation video at different time points in the myocardium. The color bar, which is fixed for all of the snapshots, indicates the shear wave particle velocity. The red dashed boxes indicate the push beam regions, where no shear wave was produced. The yellow arrows indicate the wave fronts of the shear waves: one propagating from left to right and the other one propagating from right to left, both away from the push beam.
B-mode images of the basal interventricular septum under a short-axis view ( Figure 2A ) and a long-axis view ( Figure 2B ). Elliptical regions of interest were then manually selected on the basis of the 2D SWS map to include as many color pixels as possible while avoiding the discontinuous pixel regions and the noisy regions with very large SWS values. The median value of the SWS measurements within the region of interest was recorded as the myocardial stiffness measurement.
Participants and SWE Examinations
The Institutional Review Board of Mayo Clinic approved this study, which was also compliant with the Health Insurance Portability and Accountability Act. Each participant provided written consent. Cardiac SWE was performed on 10 healthy volunteers with no history of cardiovascular diseases. Three scans were conducted for each participant on 3 different days by the same cardiologist, who had 15 years of echo scanning experience. Standard clinical echocardiographic settings were used in this study, including the patient position, probe positioning, echocardiographic views, and ECG measurements.
Seven combinations of echocardiographic views and LV segments were found to be feasible for performing cardiac SWE: basal interventricular septum under parasternal short-and long-axis views; mid interventricular septum under parasternal short-and long-axis views; anterior LV free wall under parasternal short-and long-axis views; and apical posterior LV free wall under a parasternal short-axis view. These views and LV segments were chosen on the basis of the penetration of shear wave imaging (eg, the LV posterior free wall under the parasternal short-axis basal view or parasternal long-axis view is typically beyond 9 cm and thus too deep for shear wave imaging) and the preferred quasiorthogonal relationship between the push beam and the heart wall (eg, the apical 4-chamber longaxis view is not feasible because the heart wall is parallel to the ultrasonic push beam; therefore, shear wave generation is not optimal). For each combination, 5 repeated measurements were taken from 5 different cardiac cycles.
Data Processing
The success rate of SWS measurements was calculated for each window/segment combination. A window/segment combination for a certain participant from a certain visit was defined as successful if 60% of the repeated measurements (eg, 3 of 5 repeated measurements) produced robust 2D SWS maps of the myocardium. A 2D SWS map was classified as failed if there was little or no color filling within the myocardium. 25, 26 The success rate was then calculated by the number of successful visits divided by total number of visits. Single-factor analysis of variance (ANOVA) tests (significance level = .05) were performed for each window/ segment combination for each participant to test the repeatability of the cardiac SWE technique. If for a certain window/segment combination, fewer than 2 visits produced successful SWS measurements, then the ANOVA was not performed. The SWS values of all participants were then combined and grouped by view/segment to study the impact of myocardial anisotropy on SWS measurements. Student t tests (significance level = .05) were performed to determine whether SWS measurements from different view/segment combinations were statistically significantly different. 
Results
The 10 volunteers who participated in the study included 9 men and 1 woman with a median age of 34 years (range, 23-61 years) and a median body mass index of 25 kg/m 2 (range, 20-28 kg/m 2 ). Table 1 summarizes the success rate of myocardial SWS measurements for each participant from each view and LV segment combination. The short-and long-axis views of the LV anterior free wall had the lowest success rates. One possible reason was the proximity of the anterior free wall to the chest wall, which produces a large amount of ultrasonic clutter noise that contaminates the anterior wall signal and causes ineffective shear wave motion detection. The LV posterior free wall under the short-axis view provided the highest success rate, which was in accordance with our previous study results. 17 The success rates also varied substantially among different participants. Table 2 reports the P values from the ANOVA tests on SWS measurements grouped by view/segment combinations across 3 different days for each participant. An entry of NA indicates that fewer than 2 visits produced successful SWS measurements, and P < .05 indicates that SWS measurements across different days were statistically significantly different. The interventricular septum basal shortaxis view and LV posterior wall short-axis view showed the highest repeatability of SWS measurements: only 1 of 8 participants showed significantly different SWS results. Due to the low success rate of the LV anterior short-and long-axis views, ANOVA tests could not be performed on most of the participants. Four of 7 participants showed good repeatability for the interventricular septum basal long-axis view and mid short-axis view, and 5 of 7 participants showed good repeatability for the interventricular septum mid long-axis view. 11, 27, 28 and human studies. 17, 20 For the basal segment and the mid segment of the interventricular septum, the short-axis SWS measurements were higher than the long-axis SWS measurements, which agreed with a previous in vivo sheep heart study by Couade et al, 11 in which a short-axis SWS of 1.85 ± 0.22 m/s and a long-axis SWS of 1.45 ± 0.32 m/s were reported. Figure 3 presents box plots of the data distribution for all participants, categorized by scan views and LV segments. A similar relationship between the short-and long-axis SWS measurements can be observed. Student t tests (unpaired, single tail) showed that all short-axis SWS measurements at a certain LV segment were statistically different (P < .05) from the corresponding long-axis SWS measurements at the same segment, which confirms the observations above.
Discussion
This study systematically investigated the feasible acoustic windows for cardiac SWE in transthoracic human scans and the impact of myocardial anisotropy on SWS measurements when imaging different segments of the LV wall from different views. Seven combinations of echocardiographic views and LV segments were found to be feasible for cardiac SWE, and 4 of these combinations showed good success rates of myocardial SWS measurement: the LV posterior free wall under the short-axis view, interventricular septum basal short-axis view, interventricular septum mid short-axis view, and interventricular septum basal long-axis view. The interventricular septum basal short- axis view and LV posterior free wall under the short-axis view showed the highest repeatability of SWS measurements across 3 different days, followed by the interventricular septum basal and mid short-axis views. The overall diastolic SWS measurements from all participants were in good agreement with previous animal and human studies (LV posterior short-axis view only). The results showed that the short-axis SWS measurements were significantly higher than the long-axis measurements. The SWS measurements from the short-and long-axis views were in excellent agreement with those measured from open-chest sheep.
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As demonstrated by previous animal shear wave studies, 11, 29 the myocardium is composed of highly anisotropic tissue in which a shear wave propagates faster along the fiber than across the fiber, which indicates that the shear wave propagates mainly along the fibers when imaging under the short-axis view and mainly across the fibers when imaging under the long-axis view. This finding was further confirmed by a magnetic resonance tractography study of the myocardium, which clearly showed that in the short-axis view, the myocardial fibers were running around the circumference, which would correspond to propagation of the induced shear wave along the fibers; and in the long-axis view, the shear wave would propagate across the fibers. 30 The difference between SWS under different scan views suggests a substantial role of myocardial anisotropy for in vivo human cardiac SWE and needs to be carefully accounted for when using cardiac SWE for clinical applications. The available acoustic windows for cardiac SWE are fundamentally limited by the necessity of a quasiorthogonal relationship between the push beam and heart wall (ie, Figure 1C ) because the small thickness of the myocardium limits shear wave propagation in the radial direction. This limitation precludes apical long-axis views such as 4-chamber and 3-chamber views, in which the heart wall is along the push beam direction and thus shear wave generation is not optimal. In this study, we also found that the LV posterior free wall under the long-axis view was too deep (typically >9 cm) for shear wave imaging because of substantial ultrasound attenuation, except for the short-axis apical view, in which the LV posterior wall is typically less than 9 cm deep. In the long-axis view, the apical LV posterior free wall was very oblique to the push beam and therefore was also not feasible for shear wave generation. For the 7 feasible windows, the LV anterior wall under both short-and long-axis views had the lowest success rate. This finding may have been attributable to the proximity of the LV anterior wall to the chest wall, which contaminates the myocardial ultrasonic signal with large amounts of clutter noise. The number of combinations of echocardiographic views and the myocardial wall segments found in this study were exhaustive. Attempts were made to acquire measurements from other echocardiographic views and LV segments, but none were successful (either due to depth or a wall position not perpendicular to the push beam). The ECG gating was carefully controlled to be able to image at end diastole while avoiding the atrial systole-induced myocardial stretch. We did not observe much impact of breathing during shear wave acquisition because of the short time of shear wave data acquisition (≈21 milliseconds). The scan was carefully adjusted to obtain the optimal echocardiographic view of a specific myocardial wall segment and thus to obtain the best quality of shear wave measurements.
The range of the success rates was wide among the different participants and sometimes among different views for the same participant. The main reason is that cardiac SWE is a challenging technique that is very demanding for the image quality of the heart: the push beam generates tiny shear wave vibrations with a magnitude of several micrometers, which need to be sensitively tracked by the detection beam. The shear wave motion is several orders of magnitude smaller than the heart wall deformation tracked by strain imaging (typically on the order of millimeters) and blood flow motion tracked by Doppler techniques (typically on the order of centimeters). Therefore, patients with suboptimal echocardiographic images would have low success rates for SWE. Even for patients with good images, the quality of the images may vary from view to view and from segment to segment; thus, the success rate may vary substantially.
In this study, the interventricular septum was considered as part of the left ventricle. However, the mechanical properties of the interventricular septum can be affected by both left and right ventricular functions. Therefore, abnormal interventricular septum SWE results need to be interpreted with other echocardiographic measurements to determine the cause of the symptom. In addition, the interventricular septum was divided into different segments in this study. The main reason for dividing it into different segments was that cardiac SWE is a local technique: only a small segment (≈2 cm) of the heart wall can be measured at a time because of fast shear wave attenuation. The division was intended to explore as many segments as possible under different views to maximize the number of regions that could be remotely palpated with SWE. Therefore, the division was not initiated for clinical or physiologic purposes.
In this study, the SWS was reported instead of converting to the shear modulus (μ) by using the equation μ = ρc 2 . To use this equation, one needs to assume isotropic, homogeneous, infinite, and purely elastic materials, which is not the case for the myocardium. Although such a conversion has been widely used in other organs, such as the liver and breast, to our knowledge, it has not been validated in the myocardium. The SWS, on the other hand, is the most original measurement from SWE. It reflects the shear modulus of the tissue, but the exact conversion equation for the myocardium can be complicated. Therefore, only the SWS was reported in this study.
To ensure consistent measurements for all participants across different days, we used clinical standard echocardiographic views throughout the study. The established normal range of SWS measurements reported in this Figure 3 . Boxplots of the myocardial diastolic SWS measurements from all participants, categorized by the echocardiographic views and LV segments. On each box, the central red mark is the median; the edges of the box are the 25th and 75th percentiles; and the whiskers extend to the most extreme data points (±2.7 SDs) excluding the outliers, which are plotted individually (red crosses). The P values were obtained from Student t tests. Abbreviations are as in Table 1 .
article can only be compared to measurements obtained from the same standard clinical views. Our results suggest that the SWS can be influenced by fiber orientation, which corroborates the findings of open-chest animal studies. By using the standard scanning views, we believe it is still possible to interpret SWS results in a view-specific manner, assuming the fiber orientation at each view is relatively constant across different patients. The impact of wall thickness on wave speed was systematically studied by Nenadic et al. 31 The wave speed can be substantially different from 5 to 10 mm in thickness given the same wall stiffness, but the wave speed is similar between 10 and 15 mm in thickness. The diastolic heart wall thickness of the participants in that study was 11.3 ± 1.26 mm (range, 9.04-13.1 mm). Therefore, it is reasonable to assume that the impact of wall thickness on the SWS (50-300 Hz frequency range) was negligible in this study.
To the best of our knowledge, a study that systematically investigated different echocardiographic views and the impact of myocardial anisotropy for transthoracic human cardiac SWE has not been reported previously. The pilot results of this study not only provide important guidance for future clinical studies using the cardiac SWE technique but also established the normal range of LV diastolic SWS values under different scan views. The normal range of SWS values can be used as controls when studying pathologic myocardial conditions such as diastolic dysfunction and amyloid cardiomyopathy.
There were some limitations to this study. First, despite the fact that recent advancements in cardiac shear wave detection techniques, such as pulse inversion harmonic imaging and time-aligned sequential tracking, substantially improved the success rate of cardiac SWE from almost 0% to as high as 80% in this study, the overall success rate still has room for improvement, and this study shows that SWE can be difficult for some patients with suboptimal echo images. Future studies are needed to further improve the imaging quality and success rate of cardiac SWE. Second, the study population (n = 10) was small and did not provide enough data samples for different age groups and sexes. Future studies need to be conducted to include more participants across different age groups and sexes to provide a more comprehensive range of normal SWS values. Another limitation of this study was that only 5 combinations of echocardiographic views and LV segments were found to be feasible for in vivo scans. Due to this limitation, it is more suitable to use cardiac SWE for global myocardial diseases, in which the myocardial stiffness of almost the entire left ventricle is altered. However, future studies are necessary to investigate whether changes in stiffness in these segments correlate with myocardial diseases. This study provides important guidance for those future investigations. Finally, the cardiac SWE technique may also have potential for cardiac architecture imaging because of its sensitivity to fiber orientation. A previous study showed a disorganized myocardial microstructure (ie, fiber orientation) due to infarction. 30 In conclusion, this study systematically investigated the feasible echocardiographic views for transthoracic human cardiac SWE in addition to the impact of myocardial anisotropy on SWS measurements when imaging different LV segments from different views. Four combinations of views and LV segments were found to have good success rates for myocardial diastolic SWS measurements. Myocardial SWS values were significantly higher when imaging from short-axis than from long-axis views, suggesting that shear waves propagate mainly along the myocardial fibers in short-axis views and across the myocardial fibers in long-axis views. These results suggest a substantial role of myocardial anisotropy in human transthoracic cardiac SWE, which needs to be carefully accounted for in SWE studies of myocardial elastography.
